We study the interactions between Fe(II) aqua-complexes and surfaces of goethite (α-FeOOH) by means of density-functional theory calculations including the so-called Hubbard U correction to the exchange-correlation functional. Using a thermodynamic approach, we find that (110) and (021) surfaces in contact with aqueous solutions are almost equally stable, despite the evident needle-like shape of goethite crystals indicating substantially different reactivity of the two faces. We thus suggest that crystal anisotropy may result from different growth rates due to virtually barrier-less adsorption of hydrated ions on the (021) but not on the (110) surface. No clear evidence is found for spontaneous electron transfer from an adsorbed Fe(II) hex-aqua complex to a defect-free goethite substrate. Crystal defects are thus inferred to play an important role in assisting such electron transfer processes observed in a recent experimental study. Finally, goethite surfaces are observed to enhance the partial oxidation of adsorbed aqueous Fe(II) upon reaction with molecular oxygen.
I. INTRODUCTION
Goethite (α-FeOOH) is the most common iron (III) oxyhydroxide, and the only stable phase with respect to hematite and liquid water at ambient temperature and pressure conditions.
1 It occurs naturally in soils as a result of weathering of other iron-based minerals, and is the dominant oxyhydroxide phase in lake and marine sediments. 2 Due to its tendency to form nanoscale crystals with high specific surface area, goethite plays an important role in nature in controlling the mobility of heavy metals such as As, Cd, Zn, Hg, as well as phosphate anions, and has been studied extensively as a model adsorbent in environmental science and technology. 3, 4, 5 It has also found applications as a precursor in the development of magnetic recording systems, being converted into maghemite (γ-Fe 2 O 3 ) 6 or metallic particles 7 by thermal treatment. Recently, it has been studied as a model colloidal system
showing magnetically-sensitive liquid crystal behaviour.
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In technological applications, it is important both to have a control over the growth of nanoscale particles (e.g., to produce them with narrow size distributions and uniform properties), and to be able to predict the interactions between the particle surfaces and their external environment (e.g., to optimize their adsorption capabilities). However, the microscopic mechanisms responsible for the growth of goethite crystals from aqueous solutions are still poorly understood, 9 and detailed electronic structure knowledge of iron oxyhydroxide surfaces is limited. 10 This is partly due to the fact that quantum-mechanical calculations of iron oxyhydroxide phases are challenging for standard methods such as density functional theory (DFT), 11, 12 due to the complex magnetic structure and the large crystal unit cells which these phases present. Moreover, especially in the case of iron oxides, the strong electronic correlations arising from localised d -orbitals are not well described within the standard local-density (LDA) or generalized gradient (GGA) DFT approximations. 13, 14, 15 In the present paper we undertake an extensive study of the surface chemistry of goethite within the so-called LDA+U scheme 16, 17, 18 , which integrates a model-Hamiltonian-based treatment of the localised Fe(3d ) orbitals within the framework of a GGA-DFT calculation. Our aim is to elucidate fundamental features of the mechanisms of goethite surface reactivity, in the context of crystal growth upon interaction with dissolved iron complexes.
Synthetic goethite may be produced either by precipitation from a saturated aqueous oxidation of Fe(II) to Fe(III) in aqueous solution may be self-catalysed by already present iron oxyhydroxide particles, resulting in the growth of an Fe(III) layer on the oxide surface that is similar in structure to the underlying bulk material. 9, 10 However, the mechanisms of the surface redox reactions remain elusive. Recently, Williams and Scherer 10 used Mössbauer spectroscopy to study the reaction of aqueous Fe(II) with Fe(III) oxide surfaces. Their study gives evidence of spontaneous electron transfer from the adsorbed Fe(II) complex to the underlying oxide, most probably occurring via overlap of Fe(3d ) orbitals in octahedral edgesharing environments on the crystal surface. However, whether this is an essential step in the catalytic oxidation of Fe(II) at the oxide surface, or whether it is in fact a competing process, was left as an unanswered question. Here we attempt to address this issue by performing electronic structure calculations of Fe(II) complexes adsorbing on goethite surfaces with different crystallographic orientations.
The crystal structure of goethite has been studied extensively by X-ray and neutron diffraction, and is shown in fig. 1 . Goethite crystallises with an orthorhombic unit cell, with symmetry usually described by the space group Pbnm, 19 though the orthorhombic group Pnma may be used equivalently. 20 The unit cell contains four FeOOH formula units, with ionic positions given by ±(x, y, 1 4 ) and ±( − y, 3 4 ). The structure of goethite may is antiferromagnetic, with local magnetic moments on the Fe ions alternating along the cell b-axis, and with the moments aligned parallel to the cell c-axis. 19, 20 Goethite is generally considered to be a charge-transfer insulator with a band gap of about 2.5 eV, the top of the valence band being dominated by O(2p) states and the bottom of the conduction band having predominantly Fe(3d ) character.
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Natural and synthetic goethite crystals present a needle-like morphology, as illustrated by the transmission electron microscopy images in fig. 2 . The crystal surface is usually made up mostly of (110) faces running parallel to the long axis of the needles, while the ends of the needles are capped predominantly by (021) and other planes with a large component perpendicular to the cell c-axis. 22, 23, 24, 25, 26 The {110} and {021} families might therefore represent surfaces with distinctly different character: the former being relatively stable and the latter providing a site for active crystal growth. In the remainder of the paper, we will focus on these two surfaces. In section III we will study their structure and relative stability. In section IV we will then look for evidence of spontaneous oxidation of Fe(II) hexaqua complexes adsorbing on them. Finally, in section V we will investigate the possibility of surface-catalyzed oxidation via reaction of the adsorbed complexes with molecular oxygen.
II. METHODS

A. Density Functional Calculations
The calculations described in this paper have been performed using the Castep simulation package, 27 which provides an implementation of spin-polarized DFT based on the plane-wave pseudopotential scheme. 28 Exchange and correlation were treated within the generalized gradient approximation (GGA), using the functional form of Perdew, Burke and functions were expanded using a plane-wave basis set, up to a kinetic energy cut-off of 450 eV, which was shown to converge the formation energy of bulk goethite to within 1 meV per atom with respect to increasing basis size. Monkhorst-Pack grids 33 were used to sample the Brillouin zone. In the case of bulk goethite, a 4 × 2 × 6 grid was used, giving convergence of better than 0.1 meV in the total energy per formula unit.
The LDA+U formalism has been implemented within Castep according to the scheme described by Cococcioni et al.. 34, 35 Within this scheme, the Hubbard U is not treated as an empirical fitting parameter, but may rather be determined self-consistently from the calculated ground state. In principle, the value of U should be determined separately for each system studied. However, it would be inappropriate to make direct comparisons between total energies from calculations using differing values of U. For this reason, we have instead determined the self consistent value for Fe in bulk goethite, and then used this same value for the subsequent surface calculations. The possible impact of using a different value for the U parameter is considered briefly in section IV B.
B. Thermodynamic Approach
By means of DFT calculations, we can readily obtain total energies at zero temperature for a range of surface configurations. However, in order to make a more meaningful comparison of the relative stability at finite temperature of surface structures of different stoichiometry, we take a thermodynamical approach, which we outline below. A more detailed discussion relating to the integration of thermodynamics with electronic structure calculations may be found, for example, in Ref. 36 .
Conceptually, we consider a system consisting of three regions: a large region of bulk goethite with stoichiometry FeOOH, a large reservoir of liquid water at neutral pH and a surface region of variable stoichiometry. The most stable surface configuration at given temperature, T , and pressure, p, is that which minimizes the surface free energy, γ(T, p),
given, in the case of a slab model with two equivalent surfaces, by
where 
where g represents a Gibbs free energy per formula unit. All the surface configurations considered in this paper may be constructed stoichiometrically from FeOOH and H 2 O, and hence we can rewrite eq. (1) as:
The Gibbs free energies, G slab , g 
For pressures of the order of 1 atm, and surface relaxations of the order of 1Å, the contribution from the pV term to γ is of the order of 0.001 meV/Å 2 , and may therefore safely be neglected. For solid materials, the remaining terms, E vib − T S, arise principally from lattice vibrations (phonons). In this work, we assume that the phonon density of states of the solid is not significantly altered by the surface configuration, so that contributions from the slab and from the bulk will cancel out to a large extent in determining the surface free energy.
Hence, for the purpose of comparing surface free energies of different faces, we take the DFT total energies of the slab and the bulk as a direct approximation to the corresponding Gibbs free energies. 
In an aqueous environment, we should also consider the free energy of solvation of the surface, ∆G solv slab . However, the chosen surface terminations represent in some sense an explicit consideration of the first stages of hydration of the bare surfaces, and the fully hydroxylated We thus arrive at our final expression:
In the results that follow, we use a value ∆g FeOOH is taken from the calculations described in section III A, while E el H 2 O is obtained from a geometry optimization of an isolated water molecule in a 16Å cubic supercell. In both cases, the same cut-off energy, pseudopotentials and exchange-correlation functional were used as for the main calculations. 
III. GOETHITE SURFACES
In this section we will present results on the thermodynamic stability of goethite surfaces in equilibrium with water solutions. After a brief description of the bulk properties of goethite crystals, structural and energetic details of surfaces will be described and discussed in the context of crystal growth from dissolved iron ions.
A. Bulk Goethite
In our GGA-DFT calculations, we have taken into account five possible magnetic phases of goethite: a non-magnetic (NM) phase, a ferromagnetic (FM) phase and three antiferromagnetic (AFM) phases differing in the ordering of up and down local spin moments within the cell. The cell parameters and energies resulting from structural optimizations of each phase are shown in Table I .
In agreement with experimental results, 19, 20 we find an AFM ground state with local spin moments of the Fe ions alternating along the cell b-axis. The optimized cell parameters and atomic coordinates agree to within 1 % and 0.3 %, respectively, with the experimental values (Tables I and II) . By varying the cell volume around the equilibrium value and fitting a Murnaghan equation of state to the resulting total energies, the bulk modulus is estimated to be 89 GPa. As is often found in GGA calculations, this is considerably lower than the recently reported experimental value of 111 GPa.
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For the minimum energy structure, the electronic density of states (DOS) projected onto In order to improve the description of the electronic properties, we have performed additional calculations for the AFM ground state at the GGA+U level. The value of the Hubbard U parameter was determined self-consistently according to the procedure of Cococcioni et al., 35, 39 giving a value of U scf = 5.2 eV. The new equilibrium lattice parameters (see Table I) are on average slightly further from the most recent experimental results than the GGA parameters, but the agreement, within 1.5 %, is still reasonable. With the U correction, the calculated bulk modulus is 109 GPa, very close to the experimental value. The optimized ionic positions (see Table II ) present a maximum deviation of 3 % (average 1%) from the experimental values. We note that our self-consistent value of U is implicitly chosen to correct the electronic properties rather than the structural properties, which were in any case well described at the GGA level. Indeed, as reported previously by other authors, it is often not possible to choose a single value of U that gives quantitatively correct predictions of both the structural and electronic properties. B. Goethite surfaces
Surface terminations
Previous theoretical studies of goethite surfaces have assumed complete hydroxylation of the surface. 42 Fully hydroxylated surfaces can be considered as arising from a truncation of the bulk such that all Fe ions remain octahedrally coordinated, followed by the addition of sufficient protons to cancel the excess negative charge of the surface layer. In this study, we take a slightly different approach which allows us also to investigate a range of intermediate stages of hydroxylation. Starting from stoichiometric, non-polar terminations of the (110) and (021) 
Surface structure
Starting from the GGA-relaxed goethite bulk structure, the geometries of all five surfaces were optimized at the GGA level. Using the optimized geometries, single point electronic minimizations were also performed at the GGA+U level, using the same value of U = 5.2 eV for the Fe(3d ) orbitals as for the goethite bulk. In all cases, a slab model was employed, with neighboring slabs separated from each other by a vacuum region of at least 5.5Å. Doubling the separation between the slabs was shown to change the resulting surface energies by less than 1 meV/Å 2 . For both the (110) and the (021) surfaces, the slab contained four layers of bulk. This justifies the use of a relatively thin slab for the study of this surface.
Surface stability and crystal growth
The surface Gibbs free energies of each of the five surfaces, calculated relative to bulk goethite and liquid water as described in Section II B, are reported in Finally, similar differences in surface energy between the dry or hydroxylated surfaces of goethite and hematite have been recently calculated within the Born model of solids.
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These results may be consistent with the observation that goethite is commonly formed as the first precipitate from solution even when hematite is the thermodynamically stable bulk phase. Indeed, in the initial nucleation stages a phase with very low surface energy could be favored over a phase with a surface energy too large to be compensated for by the energy gained from forming the bulk material.
It is intriguing, given the evident anisotropy of goethite crystals (see Fig. 2 ), that the (110) and (021) surfaces present roughly the same surface energy. Unless very different oxygen terminations that those considered here govern the behaviour of the experimentally investigated systems, our finding suggests that the needle-like crystal shape may result not from unequal thermodynamical surface stabilities but from unequal growth rates, with the (021) surface growing outwards faster than the (110) surface. 9 In an attempt to rationalize this hypothesis, we note that our calculated energies of the partially and fully hydroxylated (021) surfaces differ by less than 4 meV/Å 2 . This corresponds to a binding energy per added water molecule of just −0.10 eV, less than half the energy of a typical single hydrogen bond in liquid water. 46 Therefore, the terminal water positions may be only partially occupied when averaged over time, giving the possibility of nearly barrier-less adsorption of additional Fe
3+
or Fe 2+ ions at these sites. In contrast, the corresponding sites on the (110) surface are occupied by stably bound hydroxyl ligands. Some form of ligand exchange would thus be required for an additional ion to bind to this surface, which would introduce an associated energy barrier.
Notably, goethite crystals take approximately the same form regardless of whether they are grown by precipitation from an Fe(III) solution 47 or by oxidation of an Fe(II) solution.
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However, in the latter case another possible contribution to unequal growth rates would be preferential oxidation of Fe(II) to Fe(III) on (021) surfaces as compared with (110) surfaces.
The oxidation of Fe(II) at these goethite surfaces is addressed in the remaining sections of this paper.
IV. SPONTANEOUS OXIDATION UPON ADSORPTION
Fe(III) oxide surfaces are thought to promote the autocatalytic oxidation of Fe(II) ions during crystal growth. 9 In this section, we aim to investigate the adsorption of a Fe(II) complex on the (110) and (021) goethite surfaces, in particular looking for possible spontaneous electron transfer processes to the Fe(III) solid from the adsorbed ion.
Owing to the large computational cost associated with our first-principles approach, an exhaustive search for the lowest energy conformation of an Fe(II) ions adsorbing on each surface is not presently feasible. However, it has been observed experimentally that the binding of octahedral metal complexes on iron oxyhydroxide surfaces strongly favors adsorption positions which maintain the underlying anionic stacking sequence. 48 Similarly, experiments have shown that the oxide layer formed when aqueous Fe(II) ions are adsorbed and oxidized on a Fe(III) oxyhydroxide surface is generally similar in structure to the underlying bulk oxyhydroxide. 10 As explained here below, applying these considerations allows us to consider only one adsorbed configuration on each of the two surfaces, which can both be considered to be fully hydroxylated in light of the surface energies computed in the previous section.
On the (110) surface, the complex may bind either through a single bridging hydroxyl group on the surface or through two terminal hydroxyl groups, corresponding to single or double corner sharing, respectively, in terms of the Fe(O,OH,H 2 O) 6 coordination octahedra.
Both sites may be filled independently, but we may reasonably expect a stronger interaction between the complex and the surface in the double corner sharing case. The relaxed structure for this site is shown in fig. 4a . The (021) surface, as previously described, represents a termination of the double chains of octahedra composing the bulk. We thus consider the addition of a new octahedron to the end of a double chain, respecting the intrinsic staggered stacking sequence. This leads to the adsorbed ion configuration shown in fig. 4b , in which two octahedral edges (i.e. three anion groups) are shared between the complex and the surface.
In order to reduce unfavorable steric clashes, a water ligand which occupied a bridging position between the surface and the complex is replaced with a hydroxyl group. While this allows the complex to adopt a less strained position on the surface, preliminary electronic structure calculations showed that this deprotonation does not influence the oxidation state of the adsorbed complex. give surface dimensions 9.4 × 11.7Å 2 . In both cases, the number of k-points in the plane of the surface was reduced to a 2 × 2 grid. The vacuum region was also slightly widened to make room for the complex, ensuring a 5Å separation from the opposing surface in the adjacent cell. For both surfaces, we have assumed the Fe ion in the bound complex to be in a high spin state, since both the initial state (the unbound Fe(II) complex) and the final state (Fe(III) in bulk goethite) fall into this category. Thus the total starting spin of the system was set to 4/2, equal to that of the isolated complex.
The structure of both systems was relaxed using GGA DFT calculations ( fig. 4 ). Relaxed bond lengths compared with corresponding values in bulk goethite are given in table IV.
Using the relaxed geometries, the electronic structure was studied at both the GGA and GGA+U levels with U = 5.2 eV. Local atomic charges have been calculated according to the Bader partitioning scheme 49 using a grid-based algorithm developed by Henkelman et al.
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In our calculations we favored the Bader scheme over the Mulliken partitioning scheme As far as the projected DOS around the Fermi level is concerned, imposing an AFM (Fig. 5c) . Meanwhile, the minority spin d -orbitals of the surface Fe ions remain safely above the Fermi level, as shown in fig. 5d . We therefore conclude that these ions remain in the Fe(III) oxidation state expected for bulk goethite. This behavior is not, however, reproduced at the GGA+U level with U = 5.2 eV. In this case, the Bader charge of the complex Fe ion is reduced from 1.67 to 1.56 e on binding to the surface. As before, the Bader charge of the adjacent surface Fe ion decreases from 1.99 in the bare surface to 1.91 with the adsorbed complex. However, unlike in the pure GGA case, this does not represent a significant reduction below the expected bulk value of 1.93.
Consistently, the projected DOS on the surface ion ( fig. 6d ) does not show an occupied minority spin 3d -orbital, and is seen to be very similar to the DOS previously obtained in the case of the (110) surface ( fig. 5d ). Instead, this feature is clearly evident on the adsorbed complex ( fig. 6c) , with an integrated DOS of 0.75 e. The HOMO state of the whole system at the GGA+U level is now visibly localized only on the adsorbed ion ( fig. 7c) , confirming that the added complex retains its Fe(II) oxidation state.
To test the sensitivity of these conclusions to the value of the Hubbard correction, we repeated the GGA+U calculation with a lower value of U = 3.0 eV. With this value, we obtain a result intermediate between the GGA case the case with U = 5.2 eV. Namely, the HOMO ( fig. 7b ) shows significant interaction between minority spin Fe(3d ) orbitals on the adsorbed complex and the adjacent surface ion, although the orbital is weighted slightly more towards the complex than in the GGA ground state (the integrated DOS amounts to 0.65 and 0.25 e for the complex and surface ions, respectively).
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C. Discussion
In the two previous sections we looked for possible signatures of spontaneous oxidation of
2+ complex after adsorption on either the (110) or (021) goethite surfaces. On the (110) surface, we find no evidence for significant electron transfer from the complex to the oxide at the GGA or GGA+U levels. In this case, the Hubbard term appears to correct a presumed artefact arising from the severe underestimate of the band gap, which results in a semi-metallic behavior of the system.
On the other hand, the GGA results for the (021) surface show a much stronger overlap between minority spin Fe(3d ) orbitals on the complex and the neighboring surface Fe ion.
As a result, one electron is delocalized between these two ions, which can be thought to be in a shared Fe(II)-Fe(III) oxidation state. The effect of the U correction in this case is to suppress such delocalization, to an extent which we found to depend strongly on the chosen value of U. In particular, using the value of U = 5.2 eV optimized for bulk goethite, the delocalization is eliminated completely, but a value of U = 3.0 eV still allows significant sharing of electron density between the complex and the surface. This illustrates the importance of choosing the "correct" value of U for a given system in order to get an accurate description of the electronic structure.
The partial electron transfer observed for the (021) but not for the (110) surface seems to be consistent with studies of mixed valence minerals such as magnetite, which show that the electron sharing between neighboring ions arises from overlap of Fe(3d ) orbitals in octahedral edge-sharing environments. 54 In other words, the different behavior on the two surfaces may be due to the difference between the corner sharing (favored on the (110) surface) and the edge-sharing (favored on the (021) surface) adsorption sites. However, we have to note that the clear electron sharing observed at the GGA level is progressively reduced at the GGA+U level as the Hubbard parameter U increases. On the basis of our calculation, we are thus led to conclude that the Fe(II) hex-aqua complex is not spontaneously fully oxidized on binding to either of the two goethite surfaces.
In light of this conclusion, the experimental results recently reported by Wilson et al.
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on the adsorption of Fe(II) complexes on Fe(III) oxyhydroxide surfaces are puzzling. As mentioned in the introduction, their Mössbauer spectroscopy study showed clear evidence for a transfer of electrons from hydrated Fe 2+ ions to localized sites underneath the oxide surface. One possible explanation is that defects or vacancies in the crystal, not considered in our present study, might act as electron traps. Iron vacancies, for instance, are well known to be present in significant quantities even in well crystallized iron oxyhydroxides, where they play an important role in determining magnetic properties. 55 In particular, a large concentration of defects was found to lower the Néel Temperature to 250 K, which would imply a paramagnetic state of goethite at room temperature. 56 Further investigation is needed to determine whether defects could indeed enhance the ability of surrounding ions to accept electrons, and thus provide an explanation for the apparent discrepancy between the existing experimental finding and our simulations.
V. OXIDATION BY MOLECULAR OXYGEN
In the previous section we have addressed the possibility of spontaneous oxidation of an adsorbed Fe 2+ hex-aqua complex on the goethite surface. Although some electron delocalization between complex and surface is observed in the case of adsorption on the (021) surface, no clear evidence for a net electron transfer process is found in the absence of defects. In this section, we investigate whether the surface, rather than drawing electrons away from the adsorbed Fe(II) complex, might instead increase its ability to lose electrons to an external oxidizing agent. In many cases where an iron oxyhydroxide phase grows from aqueous Fe(II), the net reaction taking place at the mineral surface involves oxidation by molecular oxygen: In contrast with the GGA results presented above, geometry optimization of the oxycomplexes at the GGA+U level (using a value of U = 3.7 eV determined self-consistently for an Fe(II) hex-aqua complex) causes the oxygen molecule in both configurations to dissociate spontaneously from the complex, with the five water ligands rearranging themselves to fill in the gap. We note that our simulations are performed in vacuo, and that the presence of further hydration shells may in principle influence the stability of the oxygenated complex.
In order to obtain a reference point with which subsequent structures of complexes adsorbed to the surface will be compared, we performed a constrained geometry optimization of the side-on configuration, starting from the GGA-optimized structure and allowing only the two oxygen atoms of the oxygen molecule to move. In this case, the oxygen molecule remains 
B. Adsorbed Complexes
We now turn our attention to the interaction of an oxygen molecule with an Fe(II) aqua complex adsorbed on the (110) and (021) In all cases the Bader analysis reveals an increase in the positive charge of the complex Fe ion resulting from the presence of the oxygen molecule. At the GGA+U level, this is the first sign of partial oxidation of this ion in any of the systems studied. Interestingly, however, contrary to the charge donated to the oxygen molecule, the increase in the positive charge on the Fe atom is smaller for bound than for isolated complexes. Furthermore, the increases in the charge of the Fe ion are in all cases too small to account fully for the negative charge on the oxygen molecule.
To investigate this issue further, we look at the Fe(3d ) projected density of states for the oxy-complex adsorbed on either surface compared with an isolated Fe 2+ hex-aqua com- plex. This is shown in Fig. 10 It is also noteworthy that, in all cases, the surface Fe ion neighboring the oxy-complex remains in a state almost indistinguishable from bulk goethite. In the case of the (021) surface, this is significantly different from the behavior of this ion in the absence of a bound oxygen molecule ( fig. 6b ). As presented in Section 4, in that case the HOMO consisted of minority spin Fe(3d ) orbitals delocalized on the complex and on this ion, resulting in a partially shared Fe(II)-Fe(III) oxidation state between the two ions.
C. Discussion
When an oxygen molecule binds to an Fe(II) aqua complex, electron density is transfered into one of the O-O π-antibonding orbitals through overlap with the single occupied minority spin Fe(3d ) orbital. The oxygen molecule becomes negatively charged, and simultaneously the O-O bond is weakened, rendering it vulnerable to hydrolysis. In our simulations, the donation of charge into the oxygen molecule is enhanced for complexes adsorbed onto either the (110) or the (021) surface of goethite, a result reproduced by both the GGA and the GGA+U calculations. The effect is slightly stronger on the (021) surface, but the difference is only a small fraction of the overall effect. We thus conclude that the oxidation of Fe(II) by dioxygen may be catalyzed by adsorption onto a goethite surface, and that the strength of the catalytic effect is expected to vary little between the (110) and (021) surfaces.
The catalytic effect may thus depend negligibly on the details of the interaction between the complex and the surface, which are significantly different for the two cases, as presented in Section IV. We propose that the oxidation enhancement may result simply from the higher availability of electrons in the surface environment. Indeed, the fact that the negative charge on the oxygen molecule is only partially accounted for by the increase in the positive charge of the Fe(II) ion indicates that the electron density lost from the Fe(II) ion is compensated by donation of electrons from the remaining ligands. This donation process is energetically unfavorable in the presence of electronegative water ligands only, as for the isolated complex.
However, ligands shared between the complex and the surface can gather electrons from the surrounding bulk oxide, and are therefore much better placed to act as electron donors.
Indeed, on oxygenation of the (021) adsorbed complex, no Bader charge on the nearby atoms is changed by more than 0.02 e. This seems to confirm the idea that the additional electronic charge donated to the oxygen molecule is gathered from a larger area of Fe(III) oxide and not from any individual ion, similar to previous findings in the case of adsorbed Sb(III) 57 .
VI. CONCLUSIONS
We have performed a computational study within density functional theory of the sta- solutions. However, the mechanism of catalysis appears to be independent of the details of the interaction between the complex and the surface, occurring to an almost equal extent on both the (021) and (110) surfaces.
The two surfaces show a slightly different behavior during adsorption of Fe(II) aquacomplexes. In this case, some partial sharing of electronic charge has been observed between the complex and the surface ions on the (021) surface but not on the (110) surface. However, this effect is limited, especially at the GGA+U level, and our calculations do not show spontaneous oxidation of the complex upon binding to the surface, in apparent conflict with experimental results. 10 In light of this discrepancy, we propose that defects in the oxide structure, such as Fe vacancies, may play an important role in assisting electron transfer from adsorbing complexes by trapping electrons underneath the surface. Further investigation is needed to test the validity of this suggestion.
Finally, on the basis of the results presented in Section III B 3 we propose that Fe ions from solution may adsorb more easily on the (021) surface than on the (110) surface. This is due to the presence of very weakly bound water molecules on the (021) surface, which may be displaced with virtually no energy barrier by binding complexes at room temperature.
Therefore, given that neither spontaneous oxidation nor oxidation via molecular oxygen appear to proceed differently on the two surfaces studied, the evident anisotropy of goethite crystals may be explained simply by different adsorption rates of additional complexes from solution. This seems to be consistent with the fact that goethite crystals present approximately the same shape regardless of whether they are grown by precipitation from an Fe(III) solution or by oxidation of an Fe(II) solution. 
